In this study, we prepared a novel calcium alginate-disodium ethylenediaminetetraacetate dihydrate hybrid aerogel (Alg-EDTA) by chemical grafting and vacuum-freeze-drying to remove heavy metal ions from wastewater. Experimental results show that the as-prepared Alg-EDTA adsorbent has a high affinity for heavy metal ions, such as Cd 2+ , Pb 2+ , Cu 2+ , Cr 3+ , and Co 2+ , and can adsorb >85% of metal ions from the corresponding solution. Alg-EDTA also exhibits high selectivity toward Cd 2+ , and the maximum adsorption capacity for Cd 2+ reached 177.3 mg/g, which exceeds the adsorption capacity of most reported Cd 2+ -adsorbents. Adsorbent regeneration can be achieved by a simple acid-washing process, and adsorption performance of Alg-EDTA remains stable after repeated use. All these findings indicate that Alg-EDTA has a promising prospect in the treatment of heavy metal ions wastewater.
Introduction
With the rapid development of industries such as mining, metallurgy, electroplating, and battery manufacture, many heavy metal ions are released into natural waters [1] . These heavy metal ions cannot be biodegraded and can enter and accumulate in the human body through the food chain and drinking water, resulting in a series of irreversible physiological diseases, such as kidney damage, nervous-system disorders, and bone necrosis. Therefore, developing new adsorbent materials for removal of heavy metal ions from wastewater is of great significance [2, 3] .
Sodium alginate is a byproduct of the extraction of iodine and mannitol from kelp or brown algae (Sargassum sp.) and is a natural polysaccharide. Sodium alginate is often used as a food thickener and an antidote for heavy metal poisoning. In our previous research, we have used vacuum-freeze-drying technology and chemical-grafting technology to prepare a series of calcium alginate and modified calcium alginate aerogels [4] [5] [6] [7] . These synthesized aerogels provide good selectivity and adsorption capacity for Pb 2+ ions. The maximum adsorption capacity of the chitosan-modified calcium alginate aerogel for Pb 2+ ion is up to 468.5 mg/g, which is higher than most of the reported Pb 2+ -adsorbents [5] .
Disodium ethylenediaminetetraacetate dihydrate (EDTA) is a good complexing agent with six coordinating atoms (four O and two N atoms), which can coordinate with all metal ions at a 1:1 molar ratio. The content of coordinated metal ions can also be determined by EDTA through complexometric titration [8] . The present study aimed to further improve the adsorption performance and practicability of modified calcium alginate aerogels, which can adsorb various heavy metal ions for treating wastewater containing different types of metal ions. Ethylenediamine was used as a linker to connect alginate and EDTA, and then the resulting complex was cross-linked with calcium ions in solution. After vacuum-freeze-drying, a novel Alg-EDTA aerogel adsorbent was obtained and used to remove heavy metal ions in wastewater. The composition of the prepared Alg-EDTA adsorbent, as well as its adsorption performance for heavy metal ions and recyclability, were also studied.
Materials and Methods

Materials
Sodium alginate, EDTA salt, metal salts, N-(3-dimethylaminopropyl)-N -ethylcarbodiimide hydrochloride (EDC), nitric acid (HNO 3 ), 2-(N-morpholino)ethanesulfonic acid (MES), sodium hydroxide (NaOH), and N-hydroxysuccinimide (NHS) were bought from J&K Scientific Ltd. (Beijing, China). The pH value of the solution was adjusted with 0.05 M HNO 3 or 0.1 M NaOH, and deionized water was used to prepare solutions and wash samples.
Apparatus
Morphology images of the adsorbent were obtained on an EVO18 scanning electron microscope (SEM, Carl Zeiss GmbH, Dresden, Germany). Infrared (IR) spectra were recorded on a Cary660 Fourier transform IR spectrometer (FTIR, Agilent Technologies Inc., Santa Clara, CA, USA). The metal ion concentrations were measured using an Optima 8000 inductively coupled plasma-optical emission spectrometer (ICP-OES, Perkin-Elmer GmbH, Waltham, MA, USA). X-ray photoelectron spectroscopy analyses were conducted on an Axis-supra X-ray photoelectron spectrometer (XPS, Kratos Analytical Ltd., Manchester, UK).
Synthesis of the Alg-EDTA
The synthesis route of Alg-EDTA is presented in Figure 1 . An appropriate amount of sodium alginate was dissolved in 20 mL of pH 5.5 MES buffer solution, followed by 0.15 g EDC and 0.12 g NHS, after magnetic stirring for 3 h. About 1.5 mL of ethylenediamine was added, and stirring was continued for 6 h, before adding 0.6 g of EDTA salt. After reacting for 6 h, the mixed solution was dropped into 500 mL of 0.2 M Ca(NO 3 ) 2 using a 5 mL syringe (Alg-EDTA hydrogel ball formed immediately when the mixed solution contacted with Ca 2+ solution). The Alg-EDTA hydrogel was separated and washed by ultrapure water three times, then immersed in 40 mL of deionized water, frozen in a −60 • C ultra-low temperature freezer for 4 h, and dried in a vacuum-freeze-dryer to finally obtain the Alg-EDTA aerogel.
Adsorption-Desorption Experiments
Adsorption experiment: Approximately 100 mg of Alg-EDTA was weighed and added to 50 mL 1.5 mM of metal ion solution, magnetically stirred for 6 h and filtered. The residual metal ions in the filtrate was measured using ICP-OES.
Desorption and circulation experiments: Cd 2+ -loaded or Pb 2+ -loaded Alg-EDTA was immersed into 50 mL of 0.05 M HNO 3 , magnetically stirred for 6 h, filtered, washed successively with deionized water, calcium hydroxide (Ca(OH) 2 ), deionized water, and finally dried at 50 • C for 4 h, thereby obtaining the regenerated Alg-EDTA. 
Results and Discussion
Material Characterization
To confirm whether the EDTA salt was successfully modified to sodium alginate, we determined the IR spectra of sodium alginate, EDTA salt, Alg-EDTA, and Alg-EDTA loaded with Cd 2+ . As shown in Figure 2 , the absorption peaks near 2930 cm −1 belong to the aliphatic C-H bond stretching vibration, and the absorption peaks at approximately 1570 and 1310 cm −1 can be assigned to the C=O and C-O bond stretching vibrations, respectively [9, 10] . The absorption peak of COO -at 1390 cm −1 in the Alg-EDTA was significantly reduced with respect to sodium alginate owing to the condensation reaction of excess amino groups with the COO -groups [11] . In addition, the absorption peak intensity of C-O bond and C-N bond increases relatively when Alg-EDTA adsorbs Cd 2+ , which probably results from the coordination of N and O in Alg-EDTA with Cd 2+ ions.
The morphology of Alg-EDTA has been characterized and illustrated in Figure 3 . Similar to one of the lunar surfaces, the surface of Alg-EDTA is rough and porous, which increases the contact area of the adsorbent with the solution and provides more binding sites. In addition, the pore properties of Alg-EDTA were also studied by N2 adsorption-desorption isotherm (Figure 4) . The results showed that the BET surface area, pore volume, and average pore size of Alg-EDTA are 94.63 m 2 /g, 53.30 
Results and Discussion
Material Characterization
To confirm whether the EDTA salt was successfully modified to sodium alginate, we determined the IR spectra of sodium alginate, EDTA salt, Alg-EDTA, and Alg-EDTA loaded with Cd 2+ . As shown in Figure 2 , the absorption peaks near 2930 cm −1 belong to the aliphatic C-H bond stretching vibration, and the absorption peaks at approximately 1570 and 1310 cm −1 can be assigned to the C=O and C-O bond stretching vibrations, respectively [9, 10] . The absorption peak of COO − at 1390 cm −1 in the Alg-EDTA was significantly reduced with respect to sodium alginate owing to the condensation reaction of excess amino groups with the COO − groups [11] . In addition, the absorption peak intensity of C-O bond and C-N bond increases relatively when Alg-EDTA adsorbs Cd 2+ , which probably results from the coordination of N and O in Alg-EDTA with Cd 2+ ions.
The morphology of Alg-EDTA has been characterized and illustrated in Figure 3 . Similar to one of the lunar surfaces, the surface of Alg-EDTA is rough and porous, which increases the contact area of the adsorbent with the solution and provides more binding sites. In addition, the pore properties of Alg-EDTA were also studied by N 2 adsorption-desorption isotherm ( Figure 4) . The results showed that the BET surface area, pore volume, and average pore size of Alg-EDTA are 94.63 m 2 /g, 53.30 cm 3 /g, and 22.53 nm, respectively. The rough surface and large pore size are beneficial to the rapid adsorption of the target metal ions and the increase in the metal ion adsorption capacity.
Appl. Sci. 2019, 9, 547 4 of 14 cm 3 /g, and 22.53 nm, respectively. The rough surface and large pore size are beneficial to the rapid adsorption of the target metal ions and the increase in the metal ion adsorption capacity. 
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Sodium alginates of 0.5 wt.%, 1.0 wt.% 1.5 wt.%, 2.0 wt.%, and 2.5 wt.% have been selected to prepare Alg-EDTA hybrid aerogel, aiming at evaluating the effect of sodium alginate concentration on the adsorption performance. The experimental results show that the mechanical properties of the prepared Alg-EDTA aerogel gradually enhance with the increase in the concentration of sodium alginate, and its adsorption capacity for heavy metal ions also gradually increases. An amount of 2.0.wt.% sodium alginate solution was used to prepare the Alg-EDTA adsorbent based on raw material cost, adsorption performance, and ease of operation.
Effect of pH
Approximately 100 mg of Alg-EDTA was weighed and added to 50 mL of 1.5 mM Cd 2+ (Pb 2+ , Cu 2+ , Cr 3+ or Co 2+ ) solution of different pH values, stirred for 6 h, and filtered, and the concentration of residual metal ions in the filtrate was determined by ICP-OES. As shown in Figure 5 , when the solution pH is less than 1.0, Alg-EDTA can only adsorb 21.3% of Cd 2+ (19.2% of Pb 2+ , 17.1% of Cu 2+ , 14.4% of Cr 3+ or 13.7% of Co 2+ ) probably due to the protonation of carboxyl and amino groups under strongly acidic conditions, thereby reducing the binding sites of Alg-EDTA with heavy metal ions. With increased solution pH, the adsorption capacity of Alg-EDTA for metal ions increases significantly and then stabilizes. The solubility product rule suggests that Pb 2+ , Cd 2+ , Cu 2+ , Cr 3+ and Co 2+ in the solution will separately form the corresponding hydroxide precipitation when the solution pH is higher than 6.5. Therefore, the optimum pH lies in the range of 4.0-6.5 for adsorption of heavy metal ions by Alg-EDTA.
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Effect of Adsorption Time
Approximately 100 mg of Alg-EDTA was weighed and added to 50 mL of 1. Figure 6 . The adsorption capacity of Alg-EDTA for Cd 2+ and Pb 2+ increases first, and then remains constant with the increase in the adsorption time. When the adsorption time is 60 min, Alg-EDTA can adsorb more than 40% of heavy metal ions in the solution. While the adsorption time greater than or equal to 360 min, Alg-EDTA can adsorb more than 85% of heavy metal ions in the solution. Therefore, an adsorption time of 360 min was selected in this study. In addition, the pseudo-first-order and pseudo-second-order models were employed to fit the kinetic data in order to study the adsorption mode of metal ions by Alg-EDTA. The fitting results show that the pseudo-first-order and the pseudo-second-order models are fit well with the kinetic data (Table  1) , thereby indicating that physisorption and chemisorption are both included in the adsorption mechanism [12, 13] . 
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Effect of Environmental Temperature
The influence of environmental temperature on the adsorption performance has also been investigated and illustrated in Figure 7 . The adsorption performance of the Alg-EDTA is slightly affected by the variance in ambient temperature as shown in the figure. The adsorption rate of Cd 2+ and Pb 2+ by Alg-EDTA adsorbents remains between 90%-95% in a wide ambient temperature window from 5 °C to 40 °C. Based on these experimental data, the value of Gibbs free energy (∆G) can be calculated from equation (1) [14, 15] , the enthalpy (∆H) and entropy (∆S) values can be obtained from the slope and intercept of linear equation (2), respectively ( Figure 8 ). As listed in Table 2 , the negative ∆G at all temperatures indicates that the Alg-EDTA bind to Cd 2+ spontaneously, the positive ∆H shows that the Cd 2+ adsorption process is endothermic.
∆G = −RTlnK
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Adsorption Ability and Maximum Adsorption Capacity
To evaluate the adsorption capability of Alg-EDTA for different heavy metal ions, we conducted single metal ion adsorption and competitive adsorption experiments (Table 3 ). The experimental results show that Alg-EDTA has good affinity for heavy metal ions, such as Cd 2+ , Pb 2+ , Cu 2+ , Co 2+ , and Cr 3+ , and can adsorb more than 80% of the corresponding heavy metal ions in the solution. In competitive adsorption experiments, Alg-EDTA exhibits higher selectivity for Cd 2+ , it can adsorb more than 90% of Cd 2+ in the mixed metal ion solution. This may be due to the fact that the ionic radius of Cd 2+ (0.097 nm) is closer to that of Ca 2+ (0.100 nm) than Pb 2+ (0.132 nm) and Cu 2+ (0.072 nm), and thus has stronger ion exchange effect with Ca 2+ [16] . We further conducted experiments to determine the maximum adsorption capacity of Alg-EDTA for Cd 2+ , and the experimental results are presented in Figure 9 . As the Cd 2+ concentration in the solution increases from 0.1 mM to 4.0 mM, the adsorption capacity of Alg-EDTA for Cd 2+ increases rapidly, and then remains stable with further increase in concentration. The maximum adsorption capacity of Alg-EDTA for Cd 2+ is 177.3 mg/g, which is higher than most of the reported Cd 2+ -sorbents (Table 4) [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] . 
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Adsorption Mechanism
The variation tendency of the concentration of metal ions in the solution has also been monitored during the adsorption process in order to clarify the adsorption mechanism of the Alg-EDTA. It turns out that the amount of Pb 2+ (or Cd 2+ ) in the solution gradually decreases in the progress of adsorption, whereas the amount of Ca 2+ gradually increases due to the ion exchange effect between Ca 2+ in Alg-EDTA and Pb 2+ (or Cd 2+ ) in solution. However, after adsorption, the amount of Ca 2+ released from Alg-EDTA (0.041 ± 0.002 mmol) is evidently smaller than the amount of adsorbed Pb 2+ or Cd 2+ (0.072 ± 0.002 mmol), the ion exchange effect contributes approximately 56.9% of metal ions adsorption. It indicates that ion exchange effect is not the only approach in which Alg-EDTA binds to Pb 2+ (or Cd 2+ ) ions. Therefore, we analyzed the XPS spectra of Alg-EDTA before and after adsorption. As shown in Figure 10A , the new Pb 4f and Pb 5 s peaks for Alg-EDTA loaded Pb 2+ verify that Alg-EDTA successfully loaded Pb 2+ after equilibrated with Pb 2+ -containing solution. The binding energy of the O element of Alg-EDTA shifts from 529.86 to 529.07 eV, it might be caused by the coordination effect between O atoms in Alg-EDTA with Pb 2+ ions [28] . Based on IR, XPS, and heavy metal ions concentration analysis of the Alg-EDTA sorbent before and after adsorption, we proposed a possible adsorption mechanism of the Alg-EDTA combines with heavy metal ions as depicted in Figure 11 . 
Regeneration Performance
H protons can exchange metal ions attached to the carboxyl group and the amino group by protonation under acidic conditions. Therefore, we use 0.05 M HNO3 as an eluent to elute the Cd 2+ -loaded Alg-EDTA to achieve regeneration of the adsorbent. As shown in Figure 12 , the adsorption rate of Alg-EDTA to Cd 2+ still lies in the range of 92.0%-95.0% after nine adsorption-desorption cycles, although the morphology of Alg-EDTA changed slightly (from spherical to flat). We propose that the as-prepared Alg-EDTA has stable adsorption performance after the repetition of the usage acting as a potential low-cost and highly-efficient heavy metal ion adsorbent. Moreover, we further analyzed the chemical composition of the Alg-EDTA using an elemental analyzer. Elemental analysis result shows that the C%, N% and H% of initial Alg-EDTA is 35.27%, 15.21% and 3.84%, respectively. The C%, N% and H% of Alg-EDTA after nine adsorption-desorption cycles is 34.36%, 14.47% and 4.05%, respectively. The chemical composition of Alg-EDTA after repeated use is consistent with that before adsorption. 
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